The quality of the compound library is a critical success factor in every high-throughput screening campaign. Screening solutions have to be prepared with a high level of process control to ensure the correct identity and initial concentration of each compound. However, even under optimized storage conditions, a certain level of degradation in solution cannot be avoided. Therefore, regular quality control and eventual removal of solutions from the screening deck is necessary. Because solution preparation, especially the weighing of compounds, is a tedious and often manual task, a regular resolubilization of compounds is difficult to achieve. By complete automation of the solution preparation, the authors have laid the foundation for a life cycle management of screening solutions. They demonstrate how a combination of quality and process control leads to a continuous improvement of the screening library. In presenting an automation concept, they show how a series of innovative process optimizations led to a high-performance system that achieves full industrialization of solution preparation. (Journal of Biomolecular Screening 2007:724-732) 
INTRODUCTION

M
OST COMPANIES HAVE DEDICATED SIGNIFICANT ATTEN-TION in recent years to the enhancement of their compound libraries. 1, 2 Both midsize biotech and big pharma companies have invested millions of dollars in an effort to improve their hit-finding capabilities and to feed their drug discovery pipeline with more and better leads. These investments can only bear fruit when the acquired compounds can be integrated rapidly into the screening library. However, compound management operations frequently need more than a year to add newly purchased compounds to the screening library. Every month that these compounds are not screened, capital is wasted, and opportunity costs are accrued. A rapid, automated process for weighing and dissolution of compounds is therefore a critical success factor in any library enhancement project.
Once actively used in screening, the stewardship of this asset becomes an important task of a compound management group. The initial effort of the industry concentrated on automated solution stores under controlled conditions. [3] [4] [5] [6] It was soon realized, however, that even under optimized storage conditions, labile compounds will experience some degradation. The sooner these compounds can be removed from the screening library, the less money is wasted on screening of unproductive wells. Also, as high-throughput screening (HTS) strategies are refined, the understanding of the characteristics of valuable lead compounds changes. Terms such as drug-like 7 and lead-like 8 and recently the appreciation of small fragment-like 9,10 compounds for lead discovery highlight these developments. It is highly desirable that an HTS library can be adapted to changing scientific concepts. The cost-and time-intensive process of producing screening solutions is a significant hurdle to any adaptation of a screening library. Several companies have reported projects to triage their compound library 11 and have described the effort involved in such an undertaking. We believe that a continuous optimization has advantages compared to an expensive, one-time library cleanup. Analytical results from structure validation, accumulated knowledge of frequent hitters, and changing scientific strategies should continuously influence the composition of the screening library. A high capacity for solution preparation is the basis for such a life cycle management of screening solutions.
Herein, we present an integrated quality management for screening solutions that uses fully automated solution preparation to provide sufficient capacity to allow regular resolubilization of the screening library. We review the considerations that led to this concept 12 and describe the automation solution that was developed to reduce the concept into practice. From the initial automation concept, a number of process optimizations were developed that led to a process capable of producing up to 400,000 screening solutions per year.
MATERIAL AND METHODS
For analytical quality control, an Agilent 1100 Series highperformance liquid chromatography (HPLC) system was combined with an Agilent MSD SL 1100 Series mass spectrometer (Santa Clara, CA) and a Polymer Laboratories (Amherst, MA) ELS 2100 Detector. The data analysis was done with the Chemstation software supplemented by a customized software programmed by Integ (Remchingen, Germany). The plate visualization tool was developed in house.
The weighing cap was obtained from Hilty Engineering AG (Uznach, Switzerland), "Dosierdeckel D22, GL 18 × 2," for 5-mL vials. The vision system is based on a Gognex CCD camera-based image-processing system and is an in-house and Sysmelec S.A. (Berne, Switzerland) development. For the deionization systems, the following Haug AG (Biel, Switzerland) products were used: One-Point Ionizer OPI 16 × 45 mm and Air-Blow Ring ionizer RI 20/RI 32.
Industry-standard plates were used: Greiner 384 deep-well plate and Greiner PP-Masterblock 384 K 127. The capmats used were Micronics pierceable TPE Cap cluster with 96 individual caps (#M53001).
The automated solution production (ASP) used a plate barcode labeler (Eidos Printess S120) and a plate heat sealer (Velocity11 PlateLoc). For the quality control of the 96-well pipetting device, a Baumer Electric (Southington, CT) UNAM21U9914-S14D ultrasonic sensor was used.
EXPERIMENTAL
Life cycle management as a concept for library evolution
In many compound management operations, the production of screening libraries is the most expensive and time-consuming process step in their portfolio. Frequently, a sizable group of operators weigh out compounds manually and feed those samples into an automated dissolution process. This bottleneck of manual weighing also leads to a delay in processing new compounds, which may take over a year to be added to the screening library. The high cost of solution preparation makes companies hesitate in discarding screening solutions at regular intervals. Having had extensive experience with automated weighing at Novartis, we realized that by reducing the cost of solution preparation and by removing the bottleneck of manual weighing, a life cycle management of screening solutions could become feasible. Such a regular replacement of screening solutions would be a significant improvement in the quality of the library.
In this concept, the screening solutions are subjected to a defined life cycle. At the initial solubilization step, two 96-well racks are produced. One is immediately processed to prepare 384-well plates and cherry-picking tubes, which are forwarded to the solution archives in Basel, Switzerland, and Cambridge, Massachusetts, to be used for screening for a period of 3 years. The second 96-well rack is stored at -30 °C in a cold room. After 3 years, 384-well plates and cherry-picking tubes are again produced from these racks. The initial loading of the solution archives is discarded and replaced by the second batch. After a second term of 3 years, the suitability of the compounds for HTS is reviewed.
Analytical data from structure validation as well as the accumulated pharmacological profile of the compound are considered in this decision. Compounds lacking stability, frequent hitters, or frequent false positives can be excluded from the library. The library selection also follows a set of selection criteria and substructure filters. These filters develop over time, allowing different compounds to be selected for the library in each cycle. This 6-year rolling frame ensures that knowledge from literature and own experimental results lead to a continuous improvement of the library quality.
Analytical quality control
Quality control of solution samples is performed on 2 liquid chromatography/mass spectrometry (LC/MS) systems with a capacity of 150,000 LC/MS per year. Similar methods were set up for both systems (fast gradient LC with diode array detector [DAD]/evaporative light-scattering detector [ELSD] as well as switched positive and negative ion electrospray mass spectrometry on a quadrupole mass spectrometer). An automatic data analysis tool was developed that allows the generation and the interpretation of LC/MS data. After retrieving plate contents from the database, the raw data are acquired and integrated using the Chemstation software from Agilent. Customized software is then used to retrieve the expected mass, loading all extracted ion chromatograms in positive and negative modes found for a predefined adduct list. The MS elution time is then obtained by matching these extracted ion chromatograms. The purity is determined from the corresponding UV peak in the 214-nm trace. If no UV peaks are present at 214 nm, the system will calculate the purity based on total absorbance measurement (210-250 nm). Finally, the sample will be flagged according to identity and purity results (Fig. 1) . The identity flag indicates whether the expected mass was found. The purity flag then indicates the level of relative purity as determined by UV. A plate visualization tool that generates color-coded summary result files allows rapid review of the data. Results, flags, and spectra are exported to a global analytical database.
All of the screening samples delivered for hit validation are analyzed in this process. Previously, the analytical validation of screening hits was done sequentially: after the biological validation step, a list of confirmed samples was submitted to structure validation. With the automation of structure validation, primary hit lists can be forwarded to structure validation and to biological validation in parallel, speeding up the screening process. Analytical data collected over several years are used for compound selection.
About 80% of samples show a purity of greater than 50% in the described method. These compounds are reselected for the screening library. Low-quality stocks (purity lower than 50%, found for about 10% of samples) can either stem from impure solid material or from degradation under the solution storage conditions. In both cases, the sample is deemed unsuitable for HTS and is excluded from the library. For the remaining 10% of samples, the expected mass peak could not be detected. For these samples, nuclear magnetic resonance (NMR) spectroscopy is used to determine their identity and purity.
Automated solution preparation
The ASP represents already the third generation of automated solution preparation systems at Novartis. For the first time, however, the processes of automated weighing, solubilization, and reformatting of microplates are combined on 1 fully integrated system.
The ASP is a 3-step process that includes (1) library selection, (2) request creation, and (3) solution production on ASP station 1 and plate replication on ASP station 2 (Fig. 2) . 
Cheminformatics-driven library selection
The screening set in the solution archives (in Basel and Cambridge) is organized in sets of master plates, called libraries. The production of a new library starts with selecting a list of compounds from the powder store. The compounds must meet 2 criteria: they have to be available in sufficient amount, and they should have no exclusion flags. Initially, we select all compounds that were never before produced into libraries (newly synthesized or recently purchased) and compounds from the libraries at the end of their life cycle. These compounds are then subject to a number of tests to see if they are suitable for production into the library.
To avoid delays during solution production, each compound is checked in advance for easy accessibility and sufficient available amount.
The properties of the screening collection are continuously monitored. A collection of substructure motives that are associated with reactivity, instability in solution, or toxicity is collated from results of the HTS campaigns, analytical structure validations, and physicochemical and pharmacological profiling of lead candidates. Compounds are flagged according to this list. Compounds known to be frequent hitters for a specific assay technology (e.g., fluorescent compounds in an assay with fluorescent readout) are still produced into libraries-for they are perfectly suitable for other types of assays-but are flagged to alert the screening scientists. At the end of the selection process, all the compounds that passed checks are tested for structure duplicates. The check is performed by comparing canonized simplified molecular input line entry specification (SMILES) string representation of the compounds (with any salt or solvent part removed); compounds that have structural duplicates in existing libraries are discarded from the list. For the duplicates within the candidate list, only 1-usually with the highest amount-is kept.
Request creation
There are 2 main entry points for compounds on the system. ASP station 1 offers an input buffer for 3000 compound vials, and station 2 offers an entry buffer for 80 microplates in the 96-well format.
Requests are created by linking the request objects (either solid compounds in vials or sets of master plates) to production methods and to register the request properties in a database. This registration triggers the automatic retrieval of compounds from the powder store. Upon loading the powder vials or a set of master plates into the ASP input buffer, the request is started.
Automated weighing
Novartis' samples are usually stored in glass vials that can be closed either by a normal screw cap or a screw cap for automated weighing that contains on its top an Archimedes screw for compound extraction, as described previously 13, 14 (Fig. 3) .
Before such a compound vial can be placed on an automated weighing module, the vial has to be identified, positioned, and oriented. All these functions are managed by a specific module equipped with a vision system. The first action is to identify the vial by reading its barcode; bad or unknown vials are brought back. The next operation is to tighten the screw cap on the glass vial: this is done by a rotation of the robot gripper when the vial is held in the module by a pneumatic grip (Fig. 4) .
The orientation of the vial to face the Archimedes screw with the screwdriver of the weighing module is done by taking a bottom picture of the vial to find the latch position that identifies the Archimedes screw position and to compute the rotation angle. All these functions are processed by the vision system that integrates an image-processing unit. Finally, the result of the analysis is a rotation angle of ±180 degrees, transmitted to the portal robot unit that rotates the vial.
A previous solution using a light barrier-based latch detection system needed between 8 and 20 s to detect the rotation angle with only moderate reliability. The vision system completes the same task in 3 s. But the biggest gain, however, comes from the high stability of the system not only due to an excellent latch detection rate (nearly 100%) but also as a result of a dramatic reduction of positioning failures and system downtime. Finally, the production throughput could be improved by nearly 25%, going from 750 to 950 compounds per day. Dispensing from the storage vial into the master tube is achieved by turning the Archimedes screw with a screwdriver. The master tube weight increase is monitored with a balance that stops the screwdriver when the desired weight is reached. Master tubes with compound weights outside the tolerance (greater than + 50% deviation from target weight) are transported to an output buffer for manual correction. Within the tolerance, the volume of solvent used for dissolution will be automatically adjusted to obtain an accurate concentration.
For weighing and dissolution, a prebarcoded polypropylene master tube with a diameter of 20 mm and a height of 76 mm is used. These tube characteristics are sufficient to weigh out the requested compound amount and to add the necessary solvent volume to reach a 2-mM stock concentration. Single-use plastic tubes dramatically simplify the logistics in comparison to previously used glass tubes. But the biggest benefit of this container is the capability of being sealed after solvent addition so that it can be shaken before pipetting the solution into destination plates. The biggest issue with polypropylene tubes is electrostatic charge. In a first attempt, the tube was passed through a U-electrode before being set on the balance. Later, a "1-point ionizer" was added that points to the gap between the compound vial and the master tube (Fig. 5A) . This ionization eliminates mainly the static charges generated by the rotation of the Archimedes screw and ensures that extracted compound falls into the tube and does not stick to the weighing cap.
But still, de-ionization of tubes was insufficient, even after several passages in the electrical field of ionization electrodes. Ionization modules were developed (together with Haug AG) that remove the static charges inside the tubes with an airpulsed electrical field (Fig. 5B) . The device blows ionized air inside and beside each tube directly on the master tube feeder system just before this tube goes on the weighing modules. The slope of 20 degrees between electrode and tube has to ensure an air draft in the tube's inner face to reach the bottom. In addition, on the feeder pickup position, each tube is ionized just before being processed (Fig. 5C) . This measure resulted in a significant improvement: a strong ionization coupled with a long ionization time around 1 min ensures that a charge-free tube is processed on the weighing system. 
Plate replication
The weighing tubes are transferred to a solubilization station, where the appropriate volume of a DMSO/water (90/10) mixture 12 is added and the tubes sealed. After shaking, the solutions are transferred to 2 master racks.
The main functionality of station 2 is plate replication. Sealed and barcoded 96-well plates enter from station 1 but also from the input plate buffer on station 2. Using a 10-position Tecan (Maennedorf, Switzerland) TeMO ® pipettor, 4 master plates are stacked to multiple copies of 384-well plates. In addition, cherrypicking tubes for the solution archives in Basel and Cambridge are produced. Station 2 is equipped with a plate barcode labeler, a plate heat sealer, and a 96-well capper for Matrix tubes. Each batch of produced plates and tubes is automatically reported to the database and can thus be loaded to the solution archive without further registration steps.
Quality control of the 96-well pipetting device
To create destination plates from 96-well mother plates, a pipetting device using 96 disposable tips is used on the ASP system. Disposable tips have the benefit of avoiding crosscontamination and save a lot of solvent for wash operations, but those tips can often produce lower coefficients of variation (CV) than fixed steel tips. Undissolved compound can sometimes clog a tip, and less solution than expected is aspirated. Because a volume control is not possible on devices with disposable tips, a quality control after pipetting seemed desirable. Therefore, we designed a noncontact volume control for 96-well and 384-well plates. Because there was no low-cost, small-size, reliable sensor on the market able to detect the volume in each well of a 384-well plate, a special ultrasonic sensor from Baumer Electric AG that cumulates all those properties was tested.
A grid of 16 sensors was placed above the plate. The sensors deliver an analog signal according to the filling level of the examined 16 wells. This operation is then repeated 6 times for 96-well plates and 24 times for 384-well plates. In a few seconds, the filling volume of each well can thus be determined. To get the highest signal output for empty wells, the sensor has to be calibrated. A linear signal is delivered according to the distance of the sensor to the liquid surface in the well. If the filling height of the well versus filling volume is not linear, the sensor delivers slightly inaccurate results. In these cases, the sensor signal has to be corrected by a nonlinear and wellspecified height-to-volume curve.
To validate this concept, we tested 2 parameters: (1) the sensitivity of the sensor to inaccurate positioning over the center of the well and (2) the linearity of the signal for a typical 384-well plate. Figure 6A shows the signal variation when the sensor is moved relative to the well center. A position deviation of ± 0.3 mm from the well center can be tolerated without a change of signal. This means that the robotic system has to place the sensor over the well at least with this accuracy to obtain a valid signal.
Because the output signal is taken as an indicator of the filling volume of the well, a perfect sensor linearity is required. After calibration from 0 to 20 mm, the sensor gave excellent signal linearity (Fig. 6B) . If this signal is translated to the filling volume of a Greiner 384 deep-well plate, an empty well would give an output signal around 0.5 V (18-mm sensor distance to well bottom), and a well with 200 µL would give a signal around 8 V (4-mm sensor distance to well bottom). This large signal variation ensures a good detection of the empty well. If a more accurate volume measurement is needed, the sensor output signal needs to be compiled with the plate well characteristics in case the well filling volume and well liquid height are not linear, which is often the case for slightly V-shaped wells. Finally, we had to ensure that this sensor/technology is not sensitive to color variations of the solution and produces the same result independently from the used solvent. No issues were detected for these property variations.
IT integration
Information technology (IT) integration of automation projects is far more complex than the integration of standard IT applications. The selection of a potential solution provider is typically based on a desired automation technology, and therefore the underlying software layers (e.g., scheduling software and workflow servers) are not open for standardization. This implies the integration of so-called black boxes and means hiding all the fine-grained automation processes and their software protocols behind predefined high-level IT interfaces. The opposite integration scenario is generally called the "white box" approach and implies that all the underlying technologies and related software modules are documented and can be used for process integration.
In the automated solution production project, we decided to use an integration method called the "glass box" approach. This method supports exactly specified and documented insights, whereas other software layers are protected or hidden by so-called abstraction layers. The glass box approach enabled us to discuss process modularization together with customers and system providers and was finally one of the key elements for the successful and seamless interaction with existing modules (e.g., inventories) and related processes.
The granularity of the glass box was mainly driven by the existence of physical objects such as compound flasks, master tubes, stock solutions, grandmother plates, and finally, the produced tube racks and mother plates. After each important step in the workflow, we requested an active feedback of the related process data (Fig. 7) . The coupling between the operational process and clearly defined feedback stages helped during test phases and protected us from losing information for halffinished products in case of automation or workflow server problems. The development of this abstraction layer served as a high-level interface for functional modules (e.g., the manual weighing station).
At the initial deployment phase, black box systems integration generally involves the smallest up-front costs, and testing of such systems is often trivial. However, the considerable costs of life cycle management functionality extension offset the low initial cost. On the other hand, the effort of understanding the underlying code of white box systems is prohibitive. We find that the glass box approach offers a cost-efficient balance between up-front costs and costs for extensions.
The glass box approach chosen for the ASP covers the process from compound selection; handles archive retrieval, weighing and dissolving, and source plate production according to given production methods; and ends up with registration of the produced source plates for worldwide distribution.
RESULTS AND DISCUSSION
We have developed a fully integrated system that performs the entire process, from dry-powder weighing to formatted and registered plates and tubes ready for loading to the global solution archives.
The challenges on the process side are mainly in the weighing step. Sufficiently accurate dosing of compounds that are different, as typically found in a chemical library, can be achieved with the described Archimedes screw. About 80% of our compound samples can be dosed with this system. Oils and gums, naturally, do not lend themselves to this mechanism and still have to be processed by hand. Because the weighing step is the rate-limiting step on the system, its throughput has to be optimized, without a sacrifice to accuracy. Intelligent monitoring of the automated weighing process helped to achieve average dosing times of around 2 min for amounts between 2 and 5 mg. For weighing accuracy, electrostatic interference has to be carefully controlled. Because environmental conditions such as humidity and room temperature have a pronounced effect on electrostatics, the proper functioning of de-ionization devices has to be monitored regularly. In general, the importance of online quality control was found to be essential to achieve consistent quality in a 24/7 operation mode. Pipetting failures and similar malfunctions on a multistep system are usually noticed when the error cannot be corrected anymore. It is therefore essential, in our experience, to monitor each process step by appropriate sensors.
On the software side, integration is the most critical success factor of a complex automation project. Although a black box approach looks attractive at first glance and offers shorter project development timelines and easy specification, it is often cumbersome to operate because many data transfer tasks are left to the operator. This leads to errors that are often very timeconsuming to correct. A tighter integration, on the other hand, is more demanding during project development and testing; it offers, however, the benefit of automated, online quality checks on the produced data.
With the automated solution production presented here, we have increased the number of solutions per person by a factor of 2.5 (Fig. 8) . This has enabled us to move to an aggressive life cycle management, where every screening solution is replaced after 3 years and every compound is resolubilized every 6 years. The efficiency of solution preparation allows us to evolve the screening library, as results from screening and chemical analytics are fed back into the library generation. Quality improvement becomes a continuous process rather than a one-time action.
By integrating and automating the entire workflow from powder to plate and tube, we were able to reduce the time for a compound from synthesis or purchase to screen from a year to around 30 days. Considering the cost of screening and the opportunity costs of missing a promising lead series on a validated target, these are very significant improvements.
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